Introduction
Progression of chronic kidney disease (CKD) is independently associated with a decline in cognitive function [1, 2] , which can result in reduced quality of life [3] , increased hospitalization [4] , and increased mortality [5] . Sub-clinical cerebrovascular disease is also common in advanced CKD [6, 7] and is a major risk factor for cognitive impairment [8, 9] , in part by reducing cerebral blood flow [3, 10] . Recent evidence suggests that vascular disease in CKD may be systemic, and cognitive impairment may be a reflection of parallel disease processes occurring in both the kidney and the brain [11, 12] .
With declining kidney function, there is also a progressive alteration in markers of mineral metabolism, including changes in circulating levels of vitamin D metabolites, intact parathyroid hormone (iPTH), and fibroblast growth factor-23 (FGF-23) [13] . These alterations in mineral metabolism in CKD may mediate the development of cognitive dysfunction by promoting cerebrovascular dysfunction [14, 15, 16] . However, to date, the association between a comprehensive panel of markers of mineral metabolism and cognitive function in patients with CKD has not been examined.
To this end, we assessed the longitudinal association between plasma levels of 25(OH) D, 1,25(OH) 2 As there was no change in cognitive function with the study treatment of a daily high dose B-vitamin capsule [17] , we were able to combine the active and placebo groups to determine whether baseline levels of markers of mineral metabolism were predictive of cognitive function as assessed at a mean follow-up of 3.1 years.
Methods

Study design (Figure 1)
Additional details of the study design and other methods are provided in the online only data supplement. This was a post-hoc analysis on the longitudinal association between mineral metabolites and cognitive function in the VA HOSTCOG study, and the statistical approach was determined a priori. Details of the parent VA HOST study [18, 19] , conducted between 2001 and 2006 at 36 VA medical centers, and the substudy HOSTCOG [17] have been reported previously (clinicaltrials.gov identifier: NCT00032435). A battery of tests (described below) was used to assess cognitive function during the enrollment period and 1 year later. There was no effect of treatment with the high-dose B-vitamin capsule on cognitive outcomes, thus only the initial cognitive function testing (as assessed during the follow-up period of the HOST parent study (mean follow-up 3.1 ± 1.3 years)) was included in the current statistical analyses. All participants provided written informed consent.
Cognitive measures
The details of the cognitive test battery in HOSTCOG have been described previously [17] . Briefly, a 20-minute battery of three cognitive tests was administered over the telephone, including the telephone interview of cognitive status-modified (TICSm), a well-validated [20, 21, 22] exam that assesses orientation, concentration, memory, responsive naming, comprehension, calculation, reasoning, and judgment. The details of the cognitive and memory composite are provided in the supplement (online publication). 25 (OH)D, 1,25(OH) 2 D, iPTH, and FGF-23 were assayed in plasma samples stored from the 3-month post-randomization blood draw. C-terminal FGF-23 concentrations were measured using a two-site second-generation ELISA kit (Immutopics, San Clemente, CA, USA) [23] . Both intact and c-terminal FGF-23 measurements are susceptible to proteolytic degradation after 2 hours, however, this effect appears immediately for intact FGF23 [24] . Additionally, c-terminal FGF23 measurements were recently found to have less intra-individual variation [25] , suggesting that it may be a more precise measurement. Plasma 25(OH)D concentrations were measured by a commercial competitive chemiluminescent immunoassay (DiaSorin, Stillwater, MN, USA) on a Liaison analyzer, and 1,25(OH) 2 D was measured by a commercial competitive radioimmunoassay (DiaSorin). Plasma iPTH measurements were performed using an electrochemiluminescent immunoassay.
Mineral metabolism assessment
Statistical analyses
The associations of 25(OH)D, 1,25(OH) 2 D, iPTH, and FGF-23 with TICSm, the global cognitive z-score composite, and memory z-score composite were assessed with linear regression models. All analyses evaluated tertiles of each marker of mineral metabolism, with the highest tertile serving as the reference group. In addition, we examined each metabolite as a continuous predictor variable after log 10 transformation. Twotailed values of p < 0.05 were considered statistically significant. All statistical analyses were performed with SAS software, version 9.13 (SAS Institute, Cary, NC, USA).
Results
Demographic characteristics and markers of mineral metabolism
The demographic characteristics of advanced CKD, ESRD, and all participants are shown in Table 1 . Serum phosphorus, plasma iPTH and FGF-23 levels were all significantly higher in ESRD compared to CKD patients, and plasma 25(OH)D and 1,25(OH) 2 D levels were lower ( Table 1) .
Measures of cognitive function
As reported previously in HOSTCOG [17] , cognitive function impairment, quan- tified as a TICSm score of ≤ 27 (maximum score is 50), was detected in ~ 19% of patients, regardless of treatment (high-dose vitamin B or placebo) or kidney disease status (CKD or ESRD). Table 1 shows cognitive function of the participants included in this analysis by group (CKD or ESRD), assessed as the total TICS score, global cognitive zscore composite, and memory z-score composite. Each variable did not differ between the CKD and ESRD groups.
Relation between mineral metabolites and cognitive function
Increasing plasma log 10 25(OH)D levels were not associated with performance on the TICSm in unadjusted analyses or after multivariate adjustment for age and race (model 1), model 1 plus BMI, smoking status, years of education, homocysteine level, treatment group, diabetes, hypertension, cardiovascular diseases, systolic blood pressure, and diastolic blood pressure (model 2), or model 2 plus corrected serum calcium, serum phosphorus, 25(OH)D, iPTH, and FGF-23 (model 3) ( Table 2) . Results were similar when 25(OH)D was analyzed by tertiles (Table 2 ).
Higher plasma log 10 1,25(OH) 2 D levels were associated with worse cognitive function in unadjusted analyses, but not after multivariate adjustment in all three models (Table 2 ). Increasing log 10 PTH levels were associated with greater cognitive function in unadjusted analyses only, with no association after multivariate adjustment in all models (Table 2) . Similarly, higher levels of FGF-23 were associated with greater performance on the TICSm in unadjusted analysis only, with no association after multivariate adjustment (Table 2) .
Results were similar when CKD and ESRD groups were analyzed separately, with no association between the markers of mineral metabolism and TICSm score in any of the adjusted models (Supplemental Table 1 and 2) (online publication); p for interaction > 0.60 for all). Associations were also non- significant in all adjusted analyses when the cognitive or memory z-score composite were considered individually as the outcome of interest. Finally, the associations of the markers of mineral metabolism with change in cognitive function after 1 year of treatment were also non-significant in all adjusted analyses.
Discussion
In a large sample of advanced CKD and chronic dialysis patients who participated in the HOSTCOG study, there was no independent association between plasma 25(OH)D, 1,25(OH) 2 D, iPTH, or FGF-23 and TICSm score, a measure of cognitive function. This finding persisted when advanced CKD and chronic hemodialysis (HD) groups were analyzed separately, and when the cognitive and memory z-score composites were considered as dependent variables. Thus, in the first study to evaluate the association between multiple markers of mineral metabolism and cognitive function and CKD, we found no evidence to support an independent association.
It has been proposed that higher circulating levels of 25(OH)D may preserve cognitive function via its vasculoprotective and neuroprotective properties [26] . 25(OH)D deficiency is associated with vascular endothelial dysfunction [16, 27] , which is mediated in part by increased vascular inflammation [27] , and vascular endothelial dysfunction is associated with impaired cognitive function [28] . In addition, the vitamin D receptor is present in the brain, and vitamin D may be neuroprotective through mechanisms including antioxidant activity, calcium regulation, immunomodulation, enhanced nerve conduction, and detoxification [26] . 25(OH)D levels have been independently associated with current as well as longitudinal decline in cognitive function in the general population in several [29, 30, 31] , but not all [32] studies. In a recent study of 225 chronic HD patients, Shaffi et al. [33] found that a higher 25(OH)D serum level was independently associated with better performance on executive function tests, but not memory tests. In contrast, we found no relation in a larger sample size of advanced CKD and chronic HD patients between 25(OH)D levels and cognitive performance. Of note, our study differed from Shaffi et al. in that our design was longitudinal, included patients with advanced CKD not on chronic HD, multivariate models included adjustment for other mineral metabolites, and our sample was primarily men. The association between plasma 1,25(OH) 2 D levels and cognitive function has not been previously evaluated, either in patients with CKD or in general population. We also found no significant independent association between plasma 1,25(OH) 2 D levels and measures of cognitive function.
It has been suggested that increased levels of parathyroid hormone may also be associated with cognitive dysfunction, although the mechanism is unknown [34, 35] . In patients free from CKD who have primary hyperparathyroidism, parathyroidectomy is associated with improved cognitive function [36, 37] . In a small study of patients with secondary hyperparathyroidism (due to calcium deficit) without impaired renal function, elevated iPTH levels were also associated with impaired cognitive function [38] . Furthermore, an improvement in cognitive function with nocturnal daily HD may partially be explained by a decrease in iPTH levels [39] . However, we found no independent association between iPTH levels and cognitive function in patients with advanced CKD or ESRD.
The relation between FGF-23 and cognitive function is largely unknown, both in patients with kidney disease or in any population. A recent cross-sectional analysis in chronic hemodialysis patients found an independent association between FGF-23 levels and a worse composite memory score [40] . It is possible that FGF-23 may mediate cognitive function via the promotion of vascular dysfunction [11, 14, 41] . However, our results do not support an independent association between FGF-23 levels and cognitive function in the HOSTCOG cohort.
Collectively, the lack of association between 25(OH)D, 1,25(OH) 2 D, iPTH, and FGF-23 levels suggests that mechanisms other than alterations in mineral metabolisms contribute to the decline in cognitive function with advancing CKD. This may include traditional factors known to influence cognitive function such as age, hypertension, diabetes, hypercholesterolemia, and cigarette smoking [3, 8] , as well as non-traditional risk factors may also mediate cognitive dysfunction, including hemostatic abnormalities, hypercoaguable states, sleep disturbances, anemia, and depression [3, 8] . In addition, it is also possible that vascular dysfunction, perhaps mediated by oxidative stress, inflammation and other uremic toxins, contributes to the decline in cognitive function independent of alterations in mineral metabolism.
There are several important limitations of the present study, including carryover of the limitations in the original HOSTCOG study to this post-hoc analysis [17] . Importantly, these data are observational in nature, thus do not provide evidence of causation. In addition, due to the design of HOSTCOG, cognitive function measurements were not available at the same time point as the assessment of mineral metabolism, thus there is a time lag between these measurements (mean follow-up 3.1 ± 1.3 years), and no data available regarding changes in markers of mineral metabolism over time. Also, cognitive function assessment by telephone may not be as sensitive as other in-person assessment tools, particularly in an ill population, as was included in HOST. Although the circulating levels of mineral metabolism markers differed in CKD and ESRD, cognitive function testing was identical across the spectrum of kidney disease status, and results were similar when CKD and ESRD groups were analyzed separately.
Also, information on the use of nutritional vitamin D supplements or active vitamin D analogues was unavailable from HOST. However, given the time period in which HOST was performed, vitamin D analogues and vitamin D supplementation were not prevalent in the non-dialysis patients, thus limiting potential confounding by these variables. Similarly, medication reconciliation was not performed during HOST, and changes in vitamin D supplementation across time were not measured, which is a major limitation that carries over to the present analysis. Last, the cohort is nearly entirely men (a Veteran population), thus it is unknown if the association between mineral metabolism and cognitive function may differ in women. Important strengths of the study include a relatively large sample size and novel insight into the association of four markers of mineral metabolism with cognitive function in patients with advanced CKD and ESRD.
In conclusion, in the HOSTCOG cohort, plasma 25(OH)D, 1,25(OH) 2 D, iPTH, and FGF-23 levels did not independently predict TICSm score, a measure of cognitive function. Thus, while dysregulation of mineral metabolism is certainly an important contributor to other adverse outcomes, these results suggest that this dysregulation does not mediate the impairment in cognitive function that is common in advanced CKD and ESRD.
